INTRODUCTION
In the field of consolidation techniques for wooden elements through reinforcement with new materials, numerous experimental investigations and analyses have been published in recent years regarding the use of FRP (Fiber Reinforced Polymers) materials based on epoxy resins and artificial fibers (glass, carbon, aramid fibers etc.). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 If totally eco-friendly natural resins are available, it will be possible to create fiber-reinforced wooden elements with natural materials, thus creating structural elements in keeping with the philosophy of the current low environmental-impact development projects.
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This experimental study is divided into three parts: in the first stage the results are given for a series of tests done on 20 fir wood rafters reinforced in the tension zone with basalt, flax and hemp fibers [18] . In the second and third stages of the experiment 25 beams 200x200x4000 mm in size were reinforced, and the increase incapacity, stiffness and ductility following reinforcement with natural basalt, hemp, basalt and bamboo fibers was investigated.
MATERIAL CHARACTERIZATION

Wood
The experimentation regarded 20 rafters and 25 beams in fir wood (Abies Alba). The rafters had a weight density of 430 kg/m 3 . The beams were divided into two groups, coming from two different lots: of medium and good quality, characterized respectively by a weight density of 436 kg/m 3 (dev. 31.36 kg/m 3 ) and 462 kg/m 3 (dev. 35.66 kg/m 3 ). The humidity of the medium and good quality beams was 9.51% and 5.37% respectively.
Resin
The application of natural fibers to the tension zone of the wooden beams was done using an epoxy resin that could transfer the stresses with perfect adhesion between the materials. The epoxy system is composed of a two-part thixotropic adhesive based on an epoxy resin without solvents, available under the brand name Kimitech EP-IN. The resin has elevated mechanical properties both in traction and in compression and it offers good adhesion to various supports and does not shrink while hardening. The properties of this epoxy system as declared by the producer appear in Table 1 .
Natural fibers
Unidirectional natural basalt, flax and bamboo fibers and bidirectional hemp fibers were used to reinforce 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 number of species of bamboo exist in nature, with different rheological and mechanical properties.
Considering how widespread it is and the size it reaches (up to a height of 20 m and diameter of 18 cm), the species that is usually used for making natural fibers for structural applications is Phyllostachys pubescens, which was used also for this experiment. Table 2 gives the physical and mechanical characteristics of the natural fibers used to reinforce the wooden beams, taken from the manufacturer's data sheets. Mechanical properties were evaluated using an equivalent thickness of fabric materials to the base material of FRP. The knowledge of these mechanical properties is a precondition for the sustainable application of natural fibre. However mechanical testing of natural fibre are not yet defined by standards.
The natural fiber materials used for the flexural reinforcement of the wooden beams were subjected to mechanical characterization through tensile tests. Young's modulus (MOE) was determined by linear regression between 1000 and 3000 microstrain. The natural fiber having the greatest tensile strength among those used was basalt fiber (1880 MPa), while considerably lower values were found for the other natural fibers. The elastic modulus (Young) varies from 91 GPa for basalt fibers to 18.1 GPa for hemp fibers. Table 3 gives the results of the mechanical characterization tests by means of tensile tests on the natural fibers.
Given that the production processes, the type of natural fiber and the mechanical properties are very different from each other, it was not possible to proceed with an equivalent reinforcement of the wooden beams in terms of the ultimate tensile load of the fibers applied in the tension zone on the intrados of the wooden beams. The increases obtained in the load-carrying capacity must therefore be analyzed in light of the different quantities of reinforcement applied for each type of fiber.
BENDING TESTS ON REINFORCED ELEMENTS
The experiment was carried out on a total of 20 rafters and 25 fir wood beams subjected to 4-point bending tests, according to UNI EN 408 [19] standard. The beams had nominal dimensions of 200x200x4000 mm and sharp edges. Two lots of beams were purchased on the market, the first of which had inferior mechanical properties compared to the second lot. Both were reinforced with natural fibers in the tension zone in order to investigate the effectiveness of the reinforcements applied. In addition a lot of for reinforcing the wooden beams.
In the preparation of the test apparatus, special care was given to the supports of each test specimen, which was laid on two steel half cylinders with a diameter of 600 mm. In order to reduce the local crushing of the wood, the load was applied through beaming timber blocks across the full beam width which are of sufficient thickness to eliminate high-stress concentrations at places of contact between beam and bearing blocks (Fig. 2) . The load was applied monotonically until failure by means of a hydraulic jack connected by a hydraulic circuit to the pump. The vertical displacements of the beams were recorded using inductive transducers (LVDT). The reinforcement of some beams were also instrumented with strain gauges applied at midpoint.
The results recorded were then processed according to the indications of the reference standards. The bending strength f m was calculated according to the equation:
where: F u is the ultimate load (in N); a is the distance between the point of application of the load and the nearest support (mm); W is the modulus of resistance of the section (mm 3 ) established with reference to its actual dimensions.
For the modulus of elasticity (MOE), the following equation indicated by the standard was used:
where: l is the distance between the supports (mm); F 2 -F 1 is the increment of load (in N) on the straight section of the load-displacement curve; w 2 -w 1 is the increment of displacement (in mm) corresponding to where w u and w u0 are the deflections at the maximum load of the reinforced and unreinforced beams, respectively. By definition, D is unity for the control specimen. This deflection index was modified from the concept suggested by Buell and Saadatmanesh [20] that included a method to quantify ductility of reinforced timber beams.
Reinforcement of fir wood rafters
Twenty 4-point bending tests were carried out on wood rafters reinforced using natural basalt, flax and hemp fibers. The rafters had a cross section of 40x50 mm (base x height) and length of 1000 mm and were reinforced with the application of a 40 mm wide strip glued with a two-part epoxy resin. The distance between the end-supports was 900 mm and the shear span was 300 mm.
5 beams were subjected to bending tests without any reinforcement in order to determine the strength and stiffness values to be compared to those of the reinforced beams. In the analysis of the results it was observed that the failure mode depends essentially on the ratio between the ultimate tensile and compression wood strengths and on the non-linearity of the behavior at the ultimate limit state of the wood in compression. The behavior of the rafters was initially linear; with the increasing of the load the beam begins to show plasticity in the compressed zone, and failure occurs when the tensile stress limit is reached.
With the addition of the natural fibers, the greatest increase in strength (+35.3%) was measured for rafters reinforced with flax, while smaller increases were observed for rafters reinforced with hemp (+23.9%) and basalt fiber (+23.2%) (Tab. 4). Both the unreinforced and the reinforced rafters showed an elasticplastic behavior with a prolonged and evident plastic branch. This is mainly because the rafters, being smaller in size, are better selected when they are cut. Deteriorated or defective rafters are eliminated by the producer and those put on the market are usually free of major defects, such as large knots or significant deviations in the grain. The absence of large defects allows a plastic behavior due to the plasticization of the wood in compression, as premature failures in the tension zone are excluded precisely by the absence of defects.
The collapse of all test rafters was brittle. The cracks rapidly propagated along the span or across the rafter section as soon as the stress level reached the modulus of rupture. No bond failure was observed for the reinforced rafters although a secondary debonding failure of the FRP occurred in some cases because of the push-off of the split timber near midspan. Deflection characteristics of the test beams are also shown in Tab. 4. An increase of 71.8% in the deflection index D was observed for rafters reinforced with basalt fiber, when compared to that of unreinforced rafters, whereas increases of 43.4% and 52.4% were   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 observed for rafters reinforced with hemp and flax fiber.
Reinforcement of fir wood beams of low-quality
The second stage of the experiment involved 8 fir wood beams, from the same lot, with a size of 200x200x4000 mm. The static bending tests were conducted with a the depth/span ratio of 18 (distance between the end-supports 3600 mm, shear span 1200 mm)
The beams were of low-quality, with the common defects of wood: cross grain, shrinkage cracks and All the beams were subjected to 4-point bending tests using the same test apparatus used for the rafters.
The beams showed the behavior in Fig. 3 . Both types of reinforcement provide an increase in the load capacity compared to the unreinforced beams (Tab. 5). In particular the three beams reinforced in the tension zone with 2 basalt fiber strips (S2-4, S2-5 and S2-6) showed a load-carrying capacity increase of approximately 38.4%, while the beams reinforced with flax fiber (S2-3, S2-7 and S2-8) had an average increase of 67.8%. Even being cautious due to the fact that the statistical sample is limited in terms of number of beams, it can be clearly inferred that the natural fibers brought about a significant increase in the load-carrying capacity of the wooden beams. On the contrary the slope of the load-displacement curves of the reinforced beams is similar to that of the unreinforced beams, a result foreseen from the start, considering the arrangement of the reinforcement, its thinness and its low modulus of elasticity.
In all types of reinforcement there was a shear failure of the reinforcement caused by the preceding failure of the wood in the tension zone; no type of FRP reached the tensile failure stress limit. Thus it is the wood in the tension zone that reaches failure: this always happens starting from a defect in the wood, in most cases a knot or another defect such as a high degree of grain deviation.
The application of reinforcement to the beam tension zone has the further characteristic of mitigating the influence of defects in the wood, blocking the propagation of the cracks. This has a further positive effect which can be observed from the considerable increase of the vertical displacement at midpoint and by the greater plastic behavior of the reinforced beams compared to the unreinforced beams. The unreinforced beams showed a displacement of 45 mm at midpoint at the moment of the critical stage, whereas for the beams reinforced with basalt and flax fiber values of 63.1 and 71.2 mm were obtained respectively.
An increase of 40.2% in the deflection index D was observed for beams reinforced with basalt fiber, when compared to that of unreinforced beams, whereas an increase of 58.2% was observed for beams reinforced with flax fiber, as shown in Fig. 3. 
Reinforcement of fir wood beams of good quality
A second lot of 17 fir wood beams, with better mechanical properties than those used in the preceding experimental investigation, was subjected to bending tests after being reinforced with basalt, flax and bamboo fibers in the tension zone. The test methods (test set-up, load speed, size and shape of supports and loading fulcrums) and the size of the wooden beams (200x200x4000 mm) were both the same as those applied in the second stage of the experiment. The basalt and flax fibers were also supplied by the same producer and are the same as those used previously.
Tab. 6 gives the results of the bending tests. It can be observed that beams n°. S3-12, S3-14, S3-15 and S3-17 subjected to testing without any type of reinforcement applied showed a higher bending strength than that of the second stage of the experiment. The average load capacity value of these beams was 91.7 kN.
In this stage of the experiment the beams were reinforced with natural flax, basalt and bamboo fibers. The reinforcement was done using 10 cm wide strips, 2 or 3 of which were applied in the case of the basalt In general, but not in all cases, the measurements showed a roughly linear distribution, implying that plane sections remained plane and there was no slip of the reinforcement. The reinforcement was less 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 effective compared to the preceding experiment stages. More specifically, the good quality of the wood beams diminished the reinforcement action in the tension zone, and the lesser presence of defects in the wood made the action of confinement of the defects less important.
For this lot of beams as well, reinforcement with flax fibers gave the highest load-carrying capacity increase, with mean increases of 29.2% and 9.4% respectively for beams reinforced with 2 and 3 overlapping layers of flax. Reinforcement with unidirectional basalt fibers provided an increase in the load-carrying capacity of 25.9% and 11.2% for beams reinforced with 2 and 3 strips.
Failure of all reinforced beams was initiated by flexural cracks of the wood in the un-reinforced part of tension side (Fig. 4) . Examination of the failure surface after the load had been removed showed tensile failure in the wood substrate, with the adhesive and the laminate remaining intact with the only exception of the zone where wood cracked. Shortly after flexural failure of the wood, a shear failure also appeared at the level of the composite reinforcement (Fig. 5) . No sign of evident wood crushing was observed.
The results of the tests on beams reinforced with bamboo fiber showed the limited effectiveness of these fibers in terms of load-carrying capacity. The beams reinforced with 5 overlapping strips of bamboo fiber showed a load-carrying capacity similar to that of unreinforced beams: the average value of the capacity decreased by 9.2%, but this result must be analyzed in the normal dispersion of the results for tests on unreinforced wood beams. A slightly greater increase in capacity (15%) was found for reinforcements with 7 layers of bamboo fiber (Fig. 6 ). In this case the value, although positive, did not meet the expectations for the effectiveness of reinforcement with this natural fiber.
Decreases of 7 and 7.7% in the deflection index D were observed for beams reinforced with 3 layers of basalt fiber and 5 layers of bamboo fibers, when compared to that of unreinforced beams, whereas increases in the range of 8-14% were observed for beams reinforced with other reinforcement configurations. These inconsistent observations for the reinforced beams are attributed to the natural variation of the timber material and to the limited effectiveness of bamboo reinforcement.
CONCLUSIONS
This paper gives the first results of an experiment on timber elements reinforced in the tension zone through the application of strips of natural flax, hemp, bamboo and basalt fibers.
The use of these types of composite materials has made it possible to obtain wood beams with strength and stiffness characteristics superior to unreinforced wood, confirming one of the fundamental aspects on which the idea of reinforcement is based, i.e. the obtaining of a final product that is stronger as a result of the considerable reduction of the influence of physiological defects in the wood on structural behavior.
The increased strength was less than that obtained in preceding similar tests done by the same authors on beams reinforced with glass, carbon and aramid fibers [10] . The use of natural fibers, however, has advantages connected not only with the increase in the load-carrying capacity, but also in terms of energy in consideration of the limited production costs, energy consumption and disposal at the end of their life.
The wooden rafters showed high capacity and an interesting ductile behavior due to the plasticization of the section in the compressed zone. A high benefit was obtained with flax and basalt fiber reinforcement, with which increases in capacity were achieved that were only slightly lower than those obtained with carbon fibers.
As regards the 25 200x200x4000 mm beams, natural fiber reinforcement was applied to two lots of wooden beams, the first of which had poorer mechanical properties than the second. The reinforcement of the beams with poorer mechanical properties brought considerable increases in the ultimate load, comparable to that of the beams reinforced with traditional FRP (Carbon, Glass etc.), while there were no appreciable increases in the stiffness.
The wooden beams with greater mechanical properties (good quality) did not show high increases in the load-carrying capacity when reinforced with natural fibers. Unsatisfactory results were found in particular for reinforcement with bamboo fibers.
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